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We present the constraints on the parameter space of the Lee- Wick Standard Model coming from electroweak precision 
observables. The model predicts a large positive S and a negative T. We show that it is possible to find some regions 
in parameter space with a fermionic state as light as 2.4-3.5 TeV. We also propose a simple extension of the model 
including a fourth generation. In this case it is possible to pass the electroweak constraints with Lee- Wick fermionic 
masses of order 0.4-1.5 TeV and Lee- Wick gauge masses of order 3 TeV. 



1. INTRODUCTION 

The Standard Model (SM) describes the electroweak (EW) interactions with an incredible precision. However, 
the instability of the Higgs potential under radiative corrections signals our ignorance over the real mechanism of 
electroweak symmetry breaking (EWSB) and has lead to many extensions beyond the SM that attempt to solve the 
hierarchy problem. Recently, Grinstein, O'Conncll and Wise proposed a new extension of the SM [lj], based on the 
ideas of Lee and Wick 0, 0] for a finite theory of quantum electrodynamics. The building block of the Lee- Wick 
proposal is to consider that the Pauli-Villars regulator describes a physical degree of freedom. In the Lee- Wick 
Standard Model (LWSM), this idea is extended to all the SM in such a way that the theory is free from quadratic 
divergences and the hierarchy problem is solved. 

The basic idea can be illustrated discussing the self energy of a scalar field, as shown in Fig[TJ The propagators 
for the scalar field </> and its LW partner </> differ by an important overall sign 

D(p) = ^L^ , £>(p) = ^ m . (1) 

An explicit calculation shows that the quadratic divergence cancels and only a mild logarithmic divergence remains 

rrm = • f d4p — -■ ( d4p 1 =■ f d4p l{m2 ~ M2) (9) 

[ > 9 J (27r) 4 p 2 -m 2 W J (2n) i p 2 -M 2 %9 J (2tt) 4 (p 2 - m 2 )(p 2 - M 2 ) ' [) 

It is possible to understand the origin of the LW partner <p starting from a higher derivative version of the scalar 
field lagrangian, as discussed in Ref. [lj]. 




Figure 1: Cancellation of a quadratic divergence by a LW partner. 
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Similarly, in the LWSM every SM field has a LW-partner with an associated LW-mass. These masses are the only 
new parameters in the minimal LWSM. A potential problem in this model is that the LW-states violate causality at 
the microscopic level due to the opposite sign of their propagators. However, the authors of Ref. [l| argued that there 
is no causality violation on a macroscopic scale provided that the LW-particles are heavy and decay to SM-particles. 
The LWSM can also be thought as an effective theory coming from a higher derivative theory. 

We refer the reader to Refs. P, 0| for more details and only quote here some specific interaction terms that arc 
useful to understand the contributions to the EW observables The gauge-fermion interactions are: 

A»t= - [9iTp(P+$)ip + 92i>(W+W)i>]+ [gik$+$)i> + 92${W+W)i]- (3) 

Note that the LW-fermions couple to the gauge fields with the opposite sign compared with the SM-fcrmions. 

Different to the SM chiral fermions, the LW-fermions combine into Dirac spinors of masses M q ^ U: d- We will assume 
that the LW-fermions transforming in the same representation of the gauge symmetries have the same mass, which 
is compatible with the minimal flavor violation principle. 



2. TREE LEVEL CONTRIBUTIONS TO S AND T 

In the LWSM the mixings between the gauge bosons and their LW partners induce non-canonical couplings with 
the SM fermions, as noticed in Ref. 0]. A shift in the gauge fermion couplings can be reabsorbed into the oblique 
parameters. Therefore, to correctly define the oblique parameters S, T it is necessary to properly normalize the 
couplings between the fermions and the gauge bosons. This observation was overlooked in Ref. Wc find it 
useful to work in the effective theory obtained after integrating out the heavy LW fields at tree level. The canonical 
couplings are obtained after a field redefinition: 

Ceff 3 -(. 92 + 6g 2 )W» a J« - ( gi + 5 9l WJl = -<? 2 W^ J% - <?iBg M Jj . (4) 

where J° are the usual currents of SM fermions and Wsm and Bsm are identified as the SM fields. 
The effective Lagrangian written in terms of the SM fields 

£e// D -^ fl (0)W^B«™ + i g2 2 n 3 3(0)(W| M ) 2 + |g 2 2 H 11 (0)(Wi M ) 2 + . . . (5) 

together with the usual definitions of the oblique parameters S and T 

s = — n 3B (o), T = ^^[n 11 (0)-n 33 (0)], (6) 

lead to tree level contributions to S and T: 

where v is the vacuum expectation value of the Higgs field and are the mass parameters of the LW fields B, W, 
respectively. Notice that the sign difference between T in Eq. (O and the result of Ref. [l| is due to the additional 
contribution coming from the redefinition of the gauge fields mentioned above. We can see that for Mi — > oo the tree 
level T parameter vanishes as expected, since in this limit wc recover a custodial symmetry in the LW-gauge sector. 



3. RESULTS INCLUDING ONE LOOP CONTRIBUTIONS TO S AND T 

The contributions from the Higgs sector come from the diagrams shown in Figj2] and are found to be numerically 
small both for S and T, when compared to their tree level values. The fermionic contributions shown in Fig|3] are 
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more important. The isospin splitting of the third generation gives a large negative contribution to the T parameter 
that changes the sign of the tree level result. The resulting T parameter is negative. On the other hand the fermionic 
contributions to S are negative but small compared with the tree level value of S. 

The result of scanning the parameter space is shown in Figf4] A careful examination of the numerical values 
spanned by the dots that fall into the ellipse allows to find bounds on the LW masses, see Ref. Q for details. 
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Figure 2: One-loop Feynman diagrams contributing to the oblique parameters involving the Higgs sector. 
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Figure 3: One-loop Feynman diagrams contributing to the oblique parameters involving the fermionic sector. Diagram (a) is 
the fermionic loop in the mass basis. Diagrams (b,c) are the first non-trivial contributions from the up sector expanding in 
Yukawa mass insertions. 
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Figure 4: 68% and 95% Confidence Level contours in the (S, T) plane, and LWSM predictions. The black dots indicate points 
where all four masses Mi , M2, M q , M u are larger than 4 TeV. Coloured points correspond to cases where at least one mass 
is less than 4 TeV. The colour indicates which mass is below 4 TeV: green, magenta, red, blue dots correspond to Mi , Ms, 
M q , M u less than 4 TeV, respectively. The yellow dots correspond to taking all masses equal and 7,6,5,4 ... TeV, from left to 
right. 



The figures show that a scan of the parameter space gives S and T values in the lower right quadrant, which is 
the less favorable one. This translates into higher bounds for the LW masses. A positive contribution to T would 
bring the dots to the more favorable upper right quadrant and therefore lower the bounds on the LW masses. This 
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can be achieved by extending the LWSM adding a fourth generation. The contribution to T is proportional to the 
isospin breaking of the new generation, which allows for more freedom, in contrast to the third generation, where 
the isospin breaking is fixed by the experimentally known masses. The new contribution to S remains small and the 
results are shown in FigfS] For a more thorough discussion we refer the reader to Ref. 



4. CONCLUSIONS 

We discussed the electroweak precision constraints for the LWSM [4| . We find sizeable tree level contributions for 
S and T. After including the one loop contributions and scanning the parameter space we see that the LWSM is 
mostly located in the S > 0, T < quadrant. A careful analysis of the (S,T) values compatible with experimental 
data leads to bounds that imply LW-fermion masses greater than 2.4 -3.5 TeV and LW-gauge bosons masses greater 
than 5-8 TeV. Extending the LWSM adding a 4th-generation allows to relax these bounds. In this case we find that 
LW-fermion masses as small as 0.4 -1.5 TeV and LW-gauge bosons masses as small as 3 TeV are still compatible with 
electroweak precision data. 
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